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Abstract

During the past three years, working with more than 150 organizations representing
public and private stakeholders, EPRI has developed the Electricity Technology
Roadmap. The Roadmap identifies several major strategic challenges that must be
successfully addressed to ensure a sustainable future in which electricity continues to
play an important role in economic growth. Articulation of these anticipated trends and
challenges requires a detailed understanding of the role and importance of reliable
electricity in different sectors of the economy. This report is intended to contribute to
that understanding by analyzing key aspects of trends in the economic value of electricity
reliability in the U.S. economy.

We first present a review of recent literature on electricity reliability costs. Next, we
describe three distinct end-use approaches for tracking trends in reliability needs: 1) an
analysis of the electricity-use requirements of office equipment in different commercial
sectors; 2) an examination of the use of aggregate statistical indicators of industrial
electricity use and economic activity to identify high reliability-requirement customer
market segments; and 3) a case study of cleanrooms, which is a cross-cutting market
segment known to have high reliability requirements. Finally, we present insurance
industry perspectives on electricity reliability as an example of a financial tool for
addressing customers reliability needs.
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Executive Summary

During the past three years, working with more than 150 organizations representing
public and private stakeholders, EPRI has developed the Electricity Technology
Roadmap (EPRI 2000). The Roadmap is a dynamic living document that provides
context for EPRI s R&D planning and a resource for energy policy makers in the U.S. and
abroad.

The roadmap identifies several major strategic challenges that must be successfully
addressed to ensure a sustainable future in which electricity continues to play an
important role in economic growth. A significant element of these challenges is the
anticipation of increasingly digitized economies in which, in addition to the increased
direct use of computers, distributed microprocessor based measurement and control is a
critical infrastructure element for a wide range of applications in the residential,
commercial, and industrial sectors.

Articulation of these anticipated trends and challenges requires a detailed understanding of
the role and importance of reliable electricity in different sectors of the economy. Electric
power availability, reliability, and quality are anticipated to have somewhat
independently varying economic importance in different applications and industries.

In order to frame the issue of reliability comprehensively, the following key questions
must be addressed:

1. What is the cost to the U.S. economy of unreliable electricity?

2. How is the value of reliable electricity to the U.S. economy likely to change in the
future?

3. How are customers addressing their reliability needs and risk management
preferences?’

This scoping study offers partial, not final, answers to each of the three key questions. It
is a first step toward defining a future program of investigation to address the many
unanswered aspects of these questions. Accordingly, an integral element of the project
has been to develop recommendations for high-priority next steps.

The Cost of Unreliable Electricity to the U.S. Economy
As a first step toward assessing the cost of unreliable electricity to the U.S. economy, we

reviewed recent literature on electricity reliability costs. The objectives of the literature
review are to: 1) supplement older literature reviews with information on more recent

' Though not pursued in the present study, this question also could be framed with utilities as customers
for many of the same risk management approaches being undertaken by electricity consumers.

X



events and studies, and 2) integrate the literature on utility system outage costs with that
on customer power quality costs.

We developed a database reporting on 117 documents. We grouped the findings from
these documents in six categories: the aggregate cost of reliability problems; the cost of
specific power system events; customer surveys of outage costs; other estimates of
outage costs; applications of outage cost estimates (which cite additional estimates of
outage costs); and site-specific power quality studies.

Key Findings:

1. There are few estimates of the aggregate cost of unreliable power to the U.S.
economy. Documentation for existing estimates is either absent or based on
assumptions that need additional review.

2. Reports on the costs of large outage events are not well documented; they are often
developed based on applying rules of thumb derived from existing studies
extrapolated to a current situation. There have been few systematic studies of the
costs of actual large-scale outages. In reviewing costs reported for some events, we
encountered complications in tying reported costs uniquely to electricity (e.g., much
of the literature includes other costs from the natural disasters that precipitate
outages). Insurance claims as a measure of cost are reported on in separate section of
this report.

3. Studies of hypothetical outages are typically organized in ways that appear to
support extrapolation of outage costs to the preparation of aggregate estimates of
these costs. However, differences in methodology and data limitations prevent
rigorous meta-analysis. Caution must be used in extrapolating results from existing
studies to larger populations.

4. Studies of power quality generally involve case studies of specific sites and do not
focus on cost issues.

The Changing Reliability Needs of the U.S. Economy

We adopted an end-use perspective for tracking changing reliability needs in the U.S.
economy and prepared three examples of analysis from this perspective. In the
commercial sector, we examined the electricity use requirements of office equipment. In
the industrial sector, we assessed the viability of using aggregate statistics on industrial
electricity use and economic activity to identify high-reliability-requirement customer
market segments. A final approach was a case study of cleanrooms, which is a cross-
cutting market segment known to have high reliability requirements.

Office Equipment Electricity Use

We developed estimates of electricity use by office equipment according to commercial
building type. We accomplished this by combining information developed previously on



total U.S. electricity use by office equipment with information on commercial building
office equipment stocks. The framework developed for assembling this information can
be used to evaluate scenarios for future office equipment load growth.

Key Findings:

1. Total U.S. office equipment electricity use in the commercial sector is about 58
TWh/yr., which is less than 2 percent of total U.S. electricity use.

2. Personal Computers (PCs), Monitors, and Minicomputers together account for more
than half of all commercial sector office equipment electricity use.

3. Offices account for almost half of all commercial sector office equipment electricity
use.

4. PCs and Monitors in offices account for almost one-quarter of all commercial sector
office equipment electricity use.

5. Because electronic technologies change quickly, there are significant uncertainties in
these calculations.

Statistical Indicators of High Reliability Requirements in the Industrial Sector

We next implemented a direct approach to better understand the variations in sensitivity
to power-quality and reliability issues among industrial subsectors. Specifically, we
developed and evaluated statistical indicators for high-reliability-requirement customer
market segments based on aggregate data on industrial sector electricity use and economic
activity.

Key Findings:

1. We identify 43 industries likely to be most susceptible to economic harm from
disruptions in electricity supply. Together these industries consume almost 370
TWh/yr.

2. The method provides a direct approach for identifying high-reliability-requirement
market segments in the U.S. economy. Nevertheless, it should be recognized that
these data by themselves cannot be used to formulate mitigation strategies to address
these requirements or to find the particular electricity uses in those sectors that have
high reliability demands.

3. The method is not sufficient to provide information on the need for high quality
power needs, aside from the likelihood of economic damage resulting from delivery
disruptions.

4. To identify specific electricity applications with high reliability requirements a
bottom-up analysis is needed. A bottom-up analysis would start by identifying the
electricity end uses that are most sensitive to changes in power quality, e.g.
adjustable-speed drives (ASDs).

High Reliability Requirements Case Study — Cleanrooms
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We then reviewed the importance of electricity reliability for cleanrooms, which typically
combine production of highly valuable products (e.g., computer chips fabrication) with
24/7 operation. We described the diversity of cleanroom types and applications (by
industry), the costs of power disruptions to cleanrooms, and risk-management strategies
currently in use. We propose this case study as a model for future case studies of other
high-reliability-requirement processes or industries.

Key Findings:

1. Cleanrooms are a fast-growing part of the industrial sector; floorspace growth rates are
forecasted at greater than 10% annually.

2. While cleanrooms are typically associated with high-tech manufacturing (production of
semiconductor-based integrated circuits and other electronic components, and with the
pharmaceutical and biotechnology industries), they are found throughout many other sectors,
ranging from optics, to food, to medical settings. Cleanrooms can be found in at least 37 SIC
categories

3. Primary energy consumption for cleanrooms is estimated at 230-260 TBTU/yr.

4. Semiconductor manufacturing and related industries account for two-thirds of cleanroom
heating, ventilation, and air conditioning (HVAC) electricity use.

5. Class 1-10 cleanrooms, which include those used for semiconductor manufacturing, tend to
have high reliability demands and can experience significant losses from disruptions in
electricity service.

6. While some cleanroom fabrication facilities do spend money to support backup power for
improved power quality and reliability, there is anecdotal evidence that over the past decade
the willingness of industry to invest in reliability, even with two-year paybacks, may be
limited.

Customer Options for and Trends in Addressing Reliability Needs — Insurance
Industry Perspectives

EPRI has already conducted a number of studies on specific technological options for
addressing customer s reliability needs, such as back-up generation, uninterruptible power
supply (UPS) systems, and other power-quality-enhancing technologies and approaches.
We have complemented this work with new information on insurance as an indicator of
the costs of electricity outages and reliability problems, and as a strategy for managing
risk.

Key Findings:

1. Power outages are a material issue for insurers. Insured loss data are, in turn, a
valuable source of information on electricity reliability costs for the power sector and
are more rigorous than many estimates promulgated by others.

2. Because of limited penetration of the relevant forms of insurance and role of
deductibles, insurance loss data represent only part of the total cost. Some costs are

Xii



covered by self-insurance, governments, and utilities who pay claims made by
customers or municipalities.

3. Reliability-related insurance risks are perceived by insurers as being on the rise as
customers become increasingly vulnerable to power outages. These losses can be
triggered by natural or manmade catastrophes or localized interruptions in the utility
system.

4. Power outages can precipitate various types of insurance claims from residential,
commercial, or industrial customers (e.g., business interruption, property loss,
machinery breakdown, additional living expense, and claims as well as claims by
utilities for unserved energy). Insurance claims for data losses are a growing issue.

5. Risk management options for insurance companies fall into two broad categories.
Financial techniques include limiting insurance exposure e.g., by means of deductibles
or loss limits (for insurance providers). Engineering risk management techniques
include a host of technology responses that may be promoted by insurers, ranging
from specific technologies such as back-up generation to management strategies such
as early warning systems and post-event business continuity planning.

6. Insurers are likely to increase their participation in risk management in the future
(both to reduce their exposure and the loss potential on the customer side) and have
begun to explore collaborations with electricity and equipment providers. Some
innovative examples are already visible. In some instances, energy-efficient
technologies offer ancillary loss-control benefits by making systems more resilient
following power disruptions.

Next Steps

In the final section of the report, we integrated recommendations for next steps developed
separately for each section of the report and prioritized them into a single list.

Our primary recommendation is to initiate development of a comprehensive framework
and then estimate a range for the cost of unreliable electricity to the U.S. economy. We
recommend a bottom-up approach in order to support sub-analyses for specific
events, regions, or market sectors. First and most importantly, while an aggregate
estimate is valuable for strategic reasons, estimates for specific events, regions, or market
sectors are more useful for planning specific R&D initiatives. Second, a bottom-up
approach is well-suited to future integration of information from different sources and
perspectives. The organizing principle for future efforts should be triangulation. Third, a
bottom-up approach will permit a more structured approach to assessing uncertainty and
prioritizing incremental data collection and analysis. Credibility will be enhanced by clear
statements regarding the limitations of future analyses.

In view of these considerations, we developed a consolidated short-list of recommended
priorities:
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Collect, consolidate, and improve the quality of information on customer reliability
costs.

Extend the database on outage and power quality event costs to include older
assessments, including work summarized in earlier surveys of the literature, and to
include studies in the gray literature.

Conduct meta-analysis to synthesize and better understand the limits of
extrapolation of the database toward supporting development of a comprehensive
national estimate and related sub analyses. For any given event, location, or
customer type, we are limited by available data. Meta-analysis can help to
improve confidence in extrapolating from existing data.

Integrate information on costs of outages and power quality events with
information on frequency of occurrence.

Collect additional information on customer power quality costs.

Systematically approach developing information on customer spending on capital and
operations to address electricity reliability.

Work with vendors, manufacturers, trade associations (back-up generation, UPS,
etc.) to gather aggregate information on spending and mitigation approaches. This
is a supply-side approach to this issue.

Continue case studies to track high-reliability requirements customer market
segments (cleanrooms, data centers, etc.) and/or equipment (PCs, ASDs, process
controls). This is a complementary, demand-side approach to this issue.

Develop relationships with the insurance industry to develop information on
customer spending on insurance. This scoping study has indentified the insurance
industry as key source of information on the cost of electricity reliability and as a
potential partner for promoting technology solutions.

Use insurance techniques to provide a new proxy for the value of electricity
reliability nationally in order to seek additional insight on how insurers Value
electricity reliability.

Obtain quantitative information from self insurers on reliability related losses, as
well as on risk-management strategies.

Conduct analysis for and pursue coordination among insurers and energy-focused
firms to identify and value the risk-management characteristics of electricity
reliability enhancing and energy efficiency technologies in the context of the
insurance marketplace, both from technical and market standpoints.
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1. Introduction

During the past three years, working with more than 150 organizations representing
public and private stakeholders, EPRI has developed the Electricity Technology
Roadmap (EPRI 2000). The roadmap is a dynamic living document that provides
context for EPRI s R&D planning and a resource for energy policy makers in the U.S. and
around the world.

The roadmap identifies several major strategic challenges that must be successfully
addressed to ensure a sustainable future in which electricity continues to play an
important role in economic growth. A significant element of these challenges is the
anticipation of increasingly digitized economies in which, in addition to the increased
direct use of computers, distributed microprocessor based measurement and control is a
critical infrastructure element for a wide range of applications in the residential,
commercial, and industrial sectors.

Articulation of these anticipated trends and challenges requires a detailed understanding of
the role and importance of reliable electricity in different sectors of the economy. Electric
power availability, reliability, and quality are anticipated to have somewhat
independently varying economic importance in different applications and industries.

In order to frame this issue comprehensively, the following key questions must be
addressed:

1. What is the cost to the U.S. economy of unreliable electricity?
a) What is reliability from a customer s perspective (typology of outages and power
quality events)?
b) What kinds of costs are incurred (cost categories, valuation methods)?
¢) Who incurs them (residential, non-residential, by sector)?
d) What are recent trends (during the past 5, 10, 20 years)?
e) What are the costs, and can they be compared/extrapolated?

2. How will the value of reliable electricity to the U.S. economy change in the future?

a) To what extent can customers with high reliability requirements be identified (e.g.,
not just customers associated with the digital economy, but also other
customers with different types of high reliability requirements, such as those
utilizing cleanrooms)?

b) How can their requirements be categorized and tracked over time?

c) Are there offsetting considerations, which affect the trend toward the need for
high reliability, that must also be considered (e.g., in the form of structural changes
in the economy, substitution effects, etc.)?



3. How do customers address their reliability needs?*

a) What risk management approaches are available, and how extensively are they
being utilized?

b) What are the trade-off among different risk management approaches such as
financial instruments (e.g., types of business interruption insurance), capital
investments (e.g., in back-up generation, UPS, power-conditioning equipment),
and operational strategies (e.g., load management and perhaps energy efficiency).

c) Can these approaches be differentiated by type of customer or market segment?

d) To what extent are customers satisfied with current approaches (including cost
effectiveness as but one measure of satisfaction)?

1.1 Scope of this Project

In preparing this scoping study, we have begun to address each of the above key research

questions based on available information. Specifically, we have:

1. Articulated the issues underlying these questions

2. Assembled readily available existing information building on both prior research at
Lawrence Berkeley National Laboratory (LBNL) and information from other sources;

3. Assessed this information in light of the research questions;

Drawn preliminary conclusions on what is currently known; and

5. Identified priorities for future research to address gaps in current knowledge.

o

1.2 Overview and Organization of this Report

The activities undertaken to address the three key research questions are organized as
separate tasks. (The second task contains three sub-tasks.) Our investigation of each task
or sub-task is reported on in a separate section of the report. A final section of the report
integrates recommendations for next steps, which are first identified at the end of each
section, into a single, prioritized list.

Task 1. The Cost of Unreliable Electricity to the U.S. Economy (Section 2)

As a first step toward assessing the cost of unreliable electricity to the U.S. economy, we
review readily available literature on outage cost estimates, focusing initially on the most
recent estimates. We develop a typology of reliability events, costs, and estimation
methods to categorize the literature and the cost estimates they report. To the extent
supportable by the literature, we assess information that allows for differentiation of
costs by customer types and reliability-related attributes (e.g., types of
interruptions/power quality issues) for the purpose of tracking trends in these costs over
time. In addition, we review and discuss the context for the development of the estimates

? Though not pursued in the present study, this question also could be framed with utilities as customers
for many of the same risk management approaches being undertaken by electricity consumers.



and the comparability of the estimates. Appendix A presents complete citations for all
references used in the literature review along with abstracts.

Task 2. The Changing Reliability Needs of the U.S. Economy

In view of the variation in reliability costs among different customers, we next consider
three end-use approaches for tracking changing reliability needs in the U.S. economy. In
the commercial sector, we examine the electricity use requirements of office equipment by
commercial building type. In the industrial sector, we assess the viability of using
aggregate statistics on industrial electricity use and economic activity to identify high-
reliability-requirement customer market segments. A final approach reviews cleanrooms,
which represent a cross-cutting market segment known to have high reliability
requirements.

Subtask 2.1 Office Equipment Electricity Use (Section 3)

Electricity use in the commercial sector is traditionally examined by considering variations
in use by building type and end use. From the perspective of electricity reliability, office
equipment is both a key enabling technology for the economic productivity of commercial
firms and at the same time one that is known to be especially vulnerable to electricity
interruptions and power quality problems. There are also differences of opinion regarding
the total U.S. electricity use by office equipment.

We develop estimates of electricity use by office equipment according to commercial
building type. This is accomplished by combining recently developed information on
total U.S. electricity use by office equipment with survey information on commercial
building office equipment stocks by building type. The framework developed for
assembling this information can be used to evaluate scenarios for future office equipment
load growth.

Subtask 2.2 Statistical Indicators of High Reliability Requirements in the Industrial Sector
(Section 4)

One can also postulate a relationship between overall measures of economic productivity
and electricity use as an approach for identifying and tracking customers with high-
reliability requirements. Examining this relationship is especially appropriate for the
industrial sector because the end uses relevant for studying commercial building electricity
use are typically a small portion of electricity use compared to that use in the production
processes of firms. These processes, themselves, are either somewhat idiosyncratic (i.e.,
not common to all industries) or highly variable in their relationship to the value of goods
produced.

We present initial results from a direct approach to better understand the variations in



sensitivity to power-quality and reliability issues among industrial subsectors.
Specifically, we develop and evaluate statistical indicators for high-reliability-requirement
customer market segments based on aggregate data on industrial sector electricity use and
economic activity.

Subtask 2.3 High Reliability Requirements Case Study — Cleanrooms (Section 5)

A final approach to studying customers with high reliability requirements involves
identification of particular end-use functions, which are both vulnerable to electricity
interruptions and power quality problems and common to more than one industry. This
is an intermediate approach between the highly dis-aggregate examination of office
equipment (Section 3) and the highly aggregate review of industrial subsectors (Section 4).

As an example of this approach, we review the importance of electricity reliability to
cleanrooms, which typically combine production of highly valuable products (e.g.,
computer chips) with 24/7 operation. We describe the diversity of cleanroom types and
applications (by industry), the costs of power disruptions, and risk-management
strategies currently in use. We propose this case study as a model for future case studies
of other high-reliability-requirement processes or industries.

Task 3. Customer Options for and Trends in Addressing Reliability Needs — Insurance
Industry Perspectives (Section 6)

Broadly, this task involves developing a comprehensive inventory of the range of options
(technological, operational, and financial) currently available to customers and information
on their current satisfaction with these options. EPRI has already conducted a number of
studies on specific technological and operational options for addressing customer s
reliability needs, such as back-up generation, uninterruptible power supply (UPS)
systems, and other power-quality-enhancing technologies and approaches.

We complement EPRI s existing work with new information on insurance as an indicator
of the costs of electricity outages and reliability problems and as a strategy for managing
risk. We: 1) review the relevance of electric power reliability for North American insurers
and look at how the issue is regarded today within the industry; 2) describe the specific
types of insurance that address reliability-related incidents (e.g., property, business
interruption, machinery breakdown); 3) describe the nature of events triggering power
reliability losses; and 4) provide selected examples of reliability risk management tools
used by insurers.

Next Steps Toward a National Estimate of the Value of Reliable Electricity to the U.S.
Economy (Section 7)

Each of the main sections of this scoping study identifies a series of next steps that



emerges from the information considered and findings developed for each task or sub-task.
In this final section of the report, we integrate these recommendations and prioritize them
into a single list.



2. Review of Recent Literature on the Cost of Reliable Electricity

As a first step toward assessing the cost of unreliable electricity to the U.S. economy, we
review recent literature on electricity reliability costs. The objectives of the literature
review are to:

1. Supplement older literature reviews with information on more recent events and
studies; and

2. Integrate the literature on utility system outage costs with that on customer power
quality costs.

We address these objectives in four steps. First, we present a typology of reliability
events, costs, and estimation methods (Subsection 2.1). Second, we categorize the
literature (Subsection 2.2). The information has been organized in a flexible database to
facilitate subsequent analyses. Third, we summarize our findings on six topics
(Subsection 2.3): a) the aggregate cost of reliability problems; b) the cost of specific
power system events; ¢) customer surveys of outage costs; d) other estimates of outage
costs; e) applications of outage cost estimates (which contain additional estimates of
outage costs); and f) site-specific power quality studies. As part of this effort, we also
report on the availability of information for differentiating costs by customer types and
reliability-related attributes (e.g. types of interruptions/power quality issues) for use in
tracking trends in these costs over time. Our findings and recommendations for next steps
are summarized in Subsection 2.4. Appendix A presents complete citations for all
references used in the literature review along with abstracts.

2.1 Background and Typology
2.1.1 A Customer s Perspective on Electricity Reliability

From a customer s perspective, electricity reliability problems come in a variety of forms.
Sustained interruptions (voltage drops to near zero), more commonly referred to as
outages or interruptions, are the most visible problems and affect the widest range of
electricity-consuming equipment. Less apparent are smaller voltage deviations, either
above or below nominal voltage, which influence the operation of only some types of
equipment depending on the magnitude and duration of the variations. These smaller
deviations are aspects of power quality. It is important to consider both outages and
power quality problems because from a customer s perspective both can affect the cost
of unreliable electricity.

Power quality refers to the degree to which power characteristics align with the ideal:
120-V (in the U.S.), 60-Hz., sinusoidal voltage and current waveform, with current and
voltage in phase. Power quality therefore encompasses not only variations in voltage
magnitude but also a host of other, more subtle deviations from the ideal. Harmonics are
one example. Harmonics are integer multiples of the fundamental frequency that are



imposed on the fundamental frequency and can affect certain types of equipment, such as
adjustable-speed drives.

Voltage events may be classified by magnitude and duration. A variety of terms exist to
describe voltage events; we use the taxonomy from Institute for Electrical and Electronic
Engineers (IEEE) standard 1159-1995. Normal voltage is considered to be 3<10 percent
of nominal voltage. Very short voltage events, under 0.5 cycles, are classified as voltage
notches (undervoltage) or transient overvoltages. Voltages below 10 percent of nominal
are considered to be interruptions (or outages). Outages can be classified as momentary
(0.5 cycles to three seconds), temporary (three seconds to one minute), or sustained
(more than one minute). Voltage sag describes voltage events between 10 and 90 percent
of nominal lasting up to a minute. Sustained voltage events of 10 to 90 percent of nominal
are referred to as undervoltage. Similarly, overvoltages greater 110 percent of nominal
lasting less than one minute are referred to as voltage swells; sustained voltage in this
range is overvoltage. Figure 2-1 illustrates these definitions. Other terms appearing in the
literature are voltage surge, impulse, and voltage dip.
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Figure 2-1. Definitions of Voltage Events in IEEE Std. 1159-1995

As useful as it is to have a consistent taxonomy for describing voltage events, the
significance of specific events depends on characteristics of the customer experiencing
them. All electrical equipment has tolerances for the duration of deviations under which
it will continue to operate. Figure 2-2 illustrates the voltage tolerance of a sample of U.S.
computers. The highest curve represents the computer most sensitive to voltage
disturbances: it can tolerate zero voltage for less than one cycle, and requires a minimum
of 80 percent of nominal voltage to operate. At the other end of the spectrum, the
computer represented by the lowest curve could ride out an interruption of 15 cycles, and



another could continue to operate at only 30 percent of nominal voltage. The user of the
first computer would perceive many more voltage events as interruptions than would
users of the less sensitive computers.
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Figure 2-2. Voltage Tolerance Curves for Personal Computers

2.1.2  The Cost of Unreliable Electricity to Customers

When considering the cost of unreliable electricity to customers, it is important to first
distinguish between the effects of reliability events on electricity-consuming equipment
and the resulting cost of these effects to the customer. The effects of an electricity
reliability event on a piece of equipment are easily quantified; either the equipment is
operating normally or it is not. Whether non-normal operation of equipment creates
additional costs for the customer depends on the role of affected equipment in meeting the
customer s objectives. For example, an industrial customer may use a large number of
electrical devices in its processes, some more critical than others and each with its own
voltage tolerance. Depending on the processes and equipment involved, a momentary
outage could cause no interruption at all or could shut down production for hours. Even
when companies have similar processes and equipment, interruption impacts can differ
significantly. For example, a factory ahead of its production schedule might experience
little financial impact from an outage compared to one struggling to keep up.

Traditionally, the costs to customers of electricity reliability problems have been
examined based on the magnitude, duration, and frequency of the events, when they
occur, and the degree of advance notice (see Table 2-1). While useful as an initial
categorization scheme, assessing costs involves considering several of these categories in
conjunction with one another.



Frequency is an important characteristic of reliability events that is not captured by
magnitude and duration. For example, a series of momentary outages can damage
equipment and therefore may be more costly than a sustained outage lasting the same
cumulative amount of time. Similarly, frequent outages are more likely than a few isolated
incidents to spark customer investment in back-up equipment, fuel switching or other
mitigation measures (including insurance).?

Table 2-1. Attributes of Electricity Reliability Problems

Magnitude How much during the event does voltage deviate from nominal? Large
voltage deviations can interrupt or damage equipment. Voltage drop to zero
or near zero is called an outage or interruption.

Duration =~ How long does the event last? Deviations may last for less than a cycle.
Sustained interruptions may last for weeks or months.

Frequency How often do the events occur? More frequent interruptions may increase
damage to sensitive equipment.

Timing What time of day does the event occur? What day of the week? What
season of the year? The significance of electricity reliability events can vary
with heating/cooling load (season), daylight (time of day), and customer
behavior/production schedules (weekday/weekend).

Advance  Does the customer know in advance that there will be an interruption?

Notice How much advance notice (minutes? hours? day ahead?) With sufficient
advance notice, electricity-dependent activities could be rescheduled, and
sensitive equipment could be shut down properly.

The time of day, day of the week, and season when the event is experienced can also have
an effect on costs. Weekday daytime events are more likely to cause business
interruptions for commercial and industrial customers. Evening and weekend outages are
most likely to inconvenience residential customers. Winter outages are likely to be more
costly for residential customers that depend on electricity for heating, especially if the
outage is prolonged.

Advance notice may allow customers sufficient time to make adjustments that reduce the
cost of an interruption. For industrial firms, advance notice may allow controlled
shutdown, preventing damage to equipment and raw material that might occur in an
unexpected outage. For residential customers, advance notice may reduce the
inconvenience of an outage by allowing time to prepare and make alternate plans.

The types of costs considered in examining reliability events depends on characteristics of

In this regard, predictability or advance notice must also be considered in assessing the trade-off involved
in investing in these measures versus continuing to incur these costs.



the customers affected. Costs for residential customers are treated separately from costs
for commercial and industrial customers.*

Residential customers may experience out-of-pocket costs, inconvenience, lost leisure,
and health impacts. Out-of-pocket costs might include dining out, purchasing candles or
flashlights, or, in extreme cases, purchasing or renting a generator. Reliability events may
affect residents health by affecting electricity-dependent medical equipment present in
the home. Some studies have also considered costs associated with the impacts of events
on home-based employment, which fall into the categories of costs experienced by
commercial and industrial customers.

The costs to commercial and industrial customers are more numerous and complex. For
example, production by an industrial customer may be interrupted long after power (or
voltage) has been restored, because of the time involved in restarting equipment and
processes. Direct costs for commercial and industrial firms may include lost product, idle-
factor costs, shutdown costs, restart costs, spoilage, damage to raw materials and
equipment, back-up costs, and health and safety costs. Costs should be determined net of
any savings on energy, materials, and labor during the event. In some cases, lost
production can be made up, but the firm may incur additional expenses such as overtime.
Indirect costs may include the costs to downstream firms and final consumers. Table 2-2
summarizes the types of costs experienced by commercial and industrial customers.

Table 2-2. Commercial and Industrial Electricity Reliability Cost Categories
Production Losses [The firm s change in revenue as a result of the event. Production
losses are net of production that the firm is able to make up (through
the use of overtime or extra shifts, for example).

Loss Due to Damage|Equipment damage

Damage to raw materials

Hazardous materials cost

Labor Costs Costs to make up production (e.g. overtime costs)
Labor costs during restart

Back-up Costs Cost to run back-up generation, including fuel costs

Restart Costs Cost to restart electrical equipment

Other restart costs

Savings Savings on raw materials unused during the event
Savings on fuel and electricity unused during the event
Savings on unpaid wages during the event

Scrap value of damaged materials

Categories adapted from Sullivan et al. (1997)

* Widespread outages may produce additional social costs in the form of looting and other crime. We did
not find recent literature addressing these costs and so will not report further on them.
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2.1.3 Electricity Reliability Cost Estimation

Electricity reliability cost estimation methods fall into three broad categories: a) proxy
methods, b) market-based methods and c) survey methods. Proxy methods use
macroeconomic data or observable expenditures as a proxy for customers willingness to
pay for service reliability. These methods produce aggregate reliability worth estimates.
One commonly cited example is calculating the value of production foregone due to an
outage as GDP/kWh consumed.’ The wage rate can be used as a proxy for the value of
foregone leisure, one component of residential outage costs. Back-up system expenditures
can be used as a proxy to estimate a lower bound for outage costs.

Market-based methods infer reliability costs based on consumers observed behavior. For
example, where interruptible and curtailable electricity rates are available, customer
subscription behavior can be used to estimate a market value for service reliability.
Similarly, investment in back-up generation (or other mitigation approaches, such as
insurance premiums for utility service interruption) can be used to indicate a preference
for reliable electricity. Another method equates electricity reliability costs with the
reduction in consumer surplus due to a reliability event. This method requires that the
demand schedule for electricity be known for the time period of the event. The demand
schedule represents the value of the last kWh for a given quantity of energy purchased.
The consumer purchases additional kWh as long as the value exceeds the price. The
difference between value and price represents consumer surplus. When an event occurs,
some of this surplus is lost.

Survey methods take the direct approach of asking customers about their reliability
experiences and perceptions. Customers may be asked to identify their costs during an
actual event or to estimate their costs for a series of hypothetical events. Surveys can take
one of two approaches: direct costing (also referred to as enumeration or cost
decomposition) or contingent valuation.

In direct costing, customers are asked to estimate expenditures for a series of components,
such as lost product, spoilage, damage to equipment, etc. In general, this method works
better for commercial and industrial customers, the bulk of whose costs are monetary,
than for residential customers, whose largest cost is often inconvenience.

Contingent valuation methods ask customers how much they would be willing to pay to
avoid an event (willingness to pay) or how much they would be willing to accept in

compensation for an event that has occurred (willingness to accept). Although in theory,
these two should be equal, reported willingness to pay is usually less than willingness to

> The viability of this approach is explored in Section 4 as a means for identifying high-reliability-
requirement customer market segments in the industrial sector.
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accept. Most surveys therefore ask for both measures, and actual reliability costs are
assumed to lie somewhere between the two.

Survey methods are often criticized as unreliable. One concern is that customers may
strategically misrepresent their costs. For example, they may believe that exaggerating
their costs will spur their utility company to improve reliability, or they may fear that
their willingness to pay would be used to justify an increase in rates.

In addition, customers often lack recent experience with the events being studied, which
reduces the reliability of their responses. Customers with recent outage experience, for
example, sometimes report lower interruption costs than customers who lack such
experience, although there is also anecdotal information to the contrary.

2.2 Database on Electricity Reliability Cost Literature

The objective of our literature review is to supplement older reviews with more recent
documents. For example, there have been several earlier reviews of outage cost estimates;
however, they were published in the early 1990s and cover studies from 1970s and 80s.
These studies were not included in this literature review. In addition, we also began the
process of formally integrating the literature on outage costs with that on power quality
costs.

We obtained 117 documents for our literature review on electricity reliability costs. The
documents were located primarily through searches of bibliographic databases (in
particular, the California Digital Library magazine and journal database). Articles from
the IEEE Transactions (Power Systems Engineering and Industry Applications) were
accessed from the IEEE website. Where appropriate, we obtained references cited in
available documents. Hence, while we focused primarily on articles written after 1990,
we did not reject older papers that were suggested to us through this process. Table 2-3
summarizes the documents we reviewed.

Table 2-3. Summary of Literature Reviewed by Source

Source Number of
Documents

IEEFE Transactions on Power Systems 19

IEEE Transactions on Industry Applications 19

Business Insurance 8

Electrical World 7

IEEFE Transactions on Power Delivery 6

Energy Journal 4

EPRI Journal 4

Electronic News 3

Energy User News 3
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The American Economic Review 2
Far Eastern Economic Review 2
Energy Policy 2
Computer Reseller News 2
Other 36
Total 117

After reviewing the documents, we created a database using a bibliographic software
program. Fields were created for various types of descriptive information, such as the
cost estimation method used, the kinds of costs considered, customer types, etc. (see
Table 2-4). For each field we developed a set of keywords. The documents were then
sorted by type (new outage cost estimates, applications, power quality, etc.).

Table 2-4. Literature Review Database Fields

Field Name Examples of Entries

Description Case study of an event, Power quality impacts,
Application, Old outage cost estimates, Reliability planning

Cost Estimation Survey (N=487);

Method Direct costing

Types of Costs Lost product, Restart costs, Damage to equipment,

Lost leisure

Customer Types Residential, Commercial, Industrial;
Financial industry

Event Descriptions Transient overvoltage;

One hour outage, Four hour outage, Eight hour outage;
August 10, 1996 western states power outage
Equipment Types Adjustable-speed drives, Computers, UPS

Location Israel; Canada; USA; California
Vintage 1991-1993 data; 1996 event
Type of Results Cost/event (aggregate), Costs are in 1998 USS;

Cost/kWh unserved, Costs are in 1991 Israeli shekels;
Cost/kWh annual energy consumption, Costs are in 1981;
CANS

Key Results The Auckland outage cost businesses $56 million (US);
Average residential outage costs are $XX/kWh unserved;
See Table 4 of the article or report

2.3 Summary of Literature
We surveyed a broad selection of literature related to reliability costs (see Table 2-5). In

this subsection, we present key findings from the literature organized in six topics. First,
we consider the literature that addresses the aggregate costs of reliability problems at a
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national level. We then look at the cost of specific power system events; these span a wide
variety of regions and events, and tend to focus on outages that had significant financial or
social impacts. We then move into the literature containing new or original estimates of
outage costs; these articles are divided into estimates from customer surveys and
estimates developed using other methods. A list of surveys cited in the literature is
provided. Applications of outage cost estimates are reviewed next. Many of these papers
include outage cost data from previously published sources that are not in our database.
Lastly, we discuss the power quality literature that does not fall into the previous
categories. These articles address the types of power problems not addressed in the
traditional interruption cost literature, e. g. very short (less than one-second)
interruptions, voltage sags and swells, harmonics, etc. A final sub-section integrates and
discusses the disaggregated estimates developed in these last four sub-sections.

Table 2.5. Summary of Literature Reviewed

Number
of
Sources
Original outage cost estimates 15
Survey methods 10
Market-based methods 3
Proxy methods 1
Other 1
Papers citing previous outage cost estimates 17
Applications 17
Reliability planning 11
System interruption costs 5
Case studies 40
Event 26
Industry 8
Site 10
Power quality problems (not incl. sustained outages) 38
Measurement and monitoring 15
Impacts 18
Mitigation 23
Costs 5
Sources 5
Literature reviews 8
Estimation methods 4

Note: Categories are not mutually exclusive.
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2.3.1 The Aggregate Cost of Electricity Reliability Problems

We found very little research on the aggregate costs of electricity interruptions and other
power quality problems. Documentation for these estimates are either absent or based on
assumptions that warrant additional review. We found some information on aggregate
spending on power quality equipment, which provides one element of a lower bound
estimate on spending to mitigate the consequences of reliability problems.

Clemmensen (1993) provides very rough estimates of power quality costs to the U.S.
manufacturing and commercial sectors. Clemmensen estimates that 1.5 to three cents of
every manufacturing sales dollar are spent correcting power quality problems for a total
of $25.6 billion per year (based on 1987 sales of $853.6 billion and the three-cent per $ of
sales expenditure estimate). Clemmensen also estimates commercial power quality costs
at $13.3 billion, based on a cost of $20.24/kWh unserved (for a 15-minute outage, from a
survey conducted in 1974), a probability of 0.001 for a 15-minute interruption, and 1987
commercial electricity use of 658 billion kWh.

The Clemmensen estimate has been widely cited and used as the basis for subsequent
estimates. Specifically, $26 billion (based on the estimate for industrial power quality
equipment spending) has been cited as a measure of the aggregate cost of all reliability
problems to the U.S. economy, not just power quality (Swaminathan and Sen 1998). In
addition, this estimate has also been the basis for a $50 billion estimate of the cost of all
reliability problems, which takes into account the effects of inflation since the time of
Clemmensen s original work (Douglas 2000).

A Sandia National Laboratories report (Swaminathan and Sen 1998) estimates U.S. outage
costs at $150 billion per year. They obtain this estimate by extrapolating the results of a
1992 Duke Power outage cost survey to the entire U.S. based on total industrial
electricity sales. The use of regional data biases the national estimates in two ways: the
regional mix